Abstract Significant climate fluctuations in the Arctic over the recent past, and additional predicted future temperature changes, highlight the need for high-resolution Arctic paleoclimate records. Arctic coastal environments supplied with terrigenous sediment from Arctic rivers have the potential to provide annual to subdecadal resolution records of climate variability over the last few millennia. A potential tool for paleotemperature reconstructions in these marine sediments is the revised methylation index of branched tetraethers (MBT′)/cyclization ratio of branched tetraethers (CBT) proxy based on branched glycerol dialkyl glycerol tetraethers (brGDGTs). In this study, we examine the source of brGDGTs in the Colville River, Alaska, and the adjacent Simpson Lagoon and reconstruct temperatures from Simpson Lagoon sediments to evaluate the applicability of this proxy in Arctic estuarine environments. The Colville catchment soils, fluvial sediments, and estuarine sediments contain statistically similar brGDGT distributions, indicating that the brGDGTs throughout the system are soil derived with little alteration from in situ brGDGT production in the river or coastal waters. Temperatures reconstructed from the MBT′/CBT indices for surface samples show good agreement with regional summer (June through September) temperatures, suggesting a seasonal bias in Arctic temperature reconstructions from the Colville system. In addition, we reconstruct paleotemperatures from an estuarine sediment core that spans the last 75 years, revealing an overall warming trend in the twentieth century that is consistent with trends observed in regional instrumental records. These results support the application of this brGDGT-based paleotemperature proxy for subdecadal-scale summer temperature reconstructions in Arctic estuaries containing organic material derived from sediment-laden, episodic rivers.
Introduction
The Arctic has experienced significant climate variability over the last few centuries and is anticipated to be one of the regions most sensitive to future climate changes [e.g., Overpeck et al., 1997; Holland and Bitz, 2003; Serreze and Barry, 2011; Intergovernmental Panel on Climate Change, 2013; Schuur et al., 2015] . In the last century alone, the Alaskan Arctic has undergone increases in average air and permafrost temperature [Serreze et al., 2000; Hinzman et al., 2005; Jorgenson et al., 2006] , increasingly rapid shoreline retreat [Mars and Houseknecht, 2007; Jones et al., 2009] , and increases in the melting rates of mountain glaciers [Evison et al., 1996] , while the extent of snow cover and sea ice has decreased [Stone et al., 2001; Mahoney et al., 2007] . An understanding of past climate changes in the Arctic is needed to place these recent changes in the context of longer-term natural climate variability and to help constrain future climate projections.
One challenge is that quantitative and high-resolution (annual to subdecadal) records of temperature variability from the Arctic (e.g., tree rings and lake sediments) are relatively sparse and instrumental records are typically short (<60 years) or discontinuous [Bradley, 1990; Besonen et al., 2008] . This lack of data significantly limits our understanding of past circum-Arctic temperature variations and our ability to understand the large-scale controls on these changes [McKay and Kaufman, 2014] . In order to better understand the temporal and spatial patterns of past temperature variations and their magnitudes, new archives and quantitative paleotemperature proxies are critically needed. An underutilized archive of past climate change in the Arctic is deltaic marine sediments [Bianchi and Allison, 2009] . These systems can provide continuous, undisturbed, and highresolution archives of changes in the marine and terrestrial environment. One potential proxy for generating past temperature reconstructions from coastal marine sediments is the methylation index of branched tetraethers/cyclization ratio of branched tetraethers (MBT/ CBT) index [Weijers et al., 2007a; Rueda et al., 2009; Bendle et al., 2010] . The MBT and CBT indices are based on the relative abundances of branched glycerol dialkyl glycerol tetraethers (brGDGTs) preserved in the sediment record. BrGDGTs are microbial membrane lipids found primarily in soil organic material stored in globally distributed peats [Weijers et al., 2006] , soils [Weijers et al., 2007b; Peterse et al., 2012] , lake sediments [Blaga et al., 2009; Tierney et al., 2010; Loomis et al., 2011; Pearson et al., 2011] , and marine sediments [Weijers et al., 2007a; Rueda et al., 2009; Bendle et al., 2010; De Jonge et al., 2015 , 2016 . The nine individual brGDGTs utilized in the MBT/CBT index contain varying numbers of methyl substituents (4-6) and cyclopentyl moieties (0-2) on linear C 28 alkyl chains (Figure 1 ). Previous studies have shown that the relative distributions of these brGDGTs are controlled primarily by temperature and soil pH [Weijers et al., 2007b] , and empirical relationships between the degree of methylation and cyclization (MBT and CBT indices) and continental mean air temperature have been developed using globally distributed soils (i.e., the soil MBT/CBT paleothermometer [Weijers et al., 2007b; Peterse et al., 2012; Anderson et al., 2014; Ding et al., 2015] ). In addition to the nine brGDGTs originally described by Sinninghe Damsté et al. [2000] and Weijers et al. [2006] , a novel set of six brGDGT isomers containing methyl groups at the 6 position have recently been identified by De Jonge et al. [2013, 2014a] (Figure 1 ). These globally abundant 6-methyl compounds have been shown to coelute with the 5-methyl brGDGTs utilized in the MBT/CBT paleothermometer and exhibit a strong relationship with soil pH [De Jonge et al., 2013 , 2014a .
BrGDGTs were originally thought to have an entirely terrigenous origin, with the dominant source of brGDGTs in marine sediments derived from catchment soils transported to the coastal ocean via rivers [Hopmans et al., 2004] . Recent observations indicate that significant in situ aquatic production of brGDGTs, within both freshwater and marine environments, may occur as well. This may complicate the use of these Journal of Geophysical Research: Biogeosciences 10.1002/2015JG003266 molecular biomarkers as temperature proxies in environments containing mixed aquatic and terrigenously sourced organic matter, since the temperature effect on brGDGT distributions differs significantly between terrestrial and aquatic systems [Peterse et al., 2009; Sinninghe Damsté et al., 2009; Tierney et al., 2010; Loomis et al., 2011; Zhu et al., 2011; Zell et al., 2013b Zell et al., , 2014 De Jonge et al., 2014b , 2015 . Previous studies of brGDGT distributions in modern rivers have hypothesized that in situ production within the riverine water column may be seasonally variable, with decreased aquatic production during high water periods [Zell et al., 2013a; De Jonge et al., 2015] . If this is the case, the relative contribution of terrigenous and aquatic brGDGTs being delivered to coastal marine sediments will depend strongly on river hydrology. Most small to moderate sized Arctic river systems are extremely flood prone, commonly carrying 40-80% of their annual volume of water during the spring freshet [Gordeev et al., 1996; Rember and Trefry, 2004] . In such systems aquatic brGDGT production is likely to be minimized, leading to a signal that is dominated by terrigenous brGDGT contributions. However, the use of the MBT/CBT paleothermometer in fluvial and marine sediments may also be complicated by the influx of sediment eroded from aged sediment deposits containing brGDGT distributions characteristic of the temperature/pH conditions at the time of soil formation [De Jonge et al., 2015; Dogrul Selver et al., 2015; Sparkes et al., 2015] . The contribution of these aged-brGDGTs to nearshore marine sediments may be particularly significant in the Arctic, as the rates of shoreline retreat/coastal erosion are among the highest in the world [Rachold et al., 2000; Jones et al., 2009] .
To examine the processes controlling brGDGT production and delivery in ephemeral Arctic river systems, and their fidelity for paleotemperature reconstructions on decadal to centennial timescales, we analyzed the distribution of brGDGTs in river, catchment soils, and estuarine sediments distributed along the Colville River catchment and the adjacent Simpson Lagoon, Alaska (approximately 70.5°N, 150°W; Figure 2 ). Previous studies of brGDGTs in rivers have focused mostly on large river systems (e.g., Yangtze, Amazon, and Yenisei [Zhu et al., 2011; Zell et al., 2013a Zell et al., , 2013b De Jonge et al., 2014b] ), and much less is known about the sources of brGDGTs in smaller, flood-prone systems like the Colville, which are much more common in the Arctic. We complement the analysis of modern surface sediments in the Colville catchment with a high-resolution record of downcore variations in brGDGT-derived temperatures from Simpson Lagoon sediments spanning the last 75 years and compare this record against regional instrumental temperature records to evaluate the accuracy of brGDGT-derived temperature reconstructions on subdecadal timescales. This study provides new insight for the use of MBT/CBT paleothermometry in Arctic estuaries and potentially in other nearshore sediment repositories off sediment-laden, episodic rivers.
Regional Setting
The Colville River, located on Alaska's North Slope, is a~600 km long braided river originating in the Northern Brooks Range (elevations > 3000 m). It flows northward across the Arctic foothills and Arctic coastal plain before emptying into the Beaufort Sea (Figure 2a) . With an area of 53,000 km 2 , the Colville catchment is the largest on Alaska's North Slope Walker and Hudson, 2003] . The Arctic foothills and coastal plain are primarily underlain by Triassic to Quaternary siliciclastic deposits, with Cretaceous and Pliocene/Pleistocene formations outcropping along the western side of the river catchment throughout the lower reaches of the river [Moore et al., 1994; Flaig et al., 2011] . The watershed contains organic-rich soils with a silt and sand-sized mineral component [Jorgenson and Brown, 2005] . One of the more unique features of the Colville catchment is that it is among the largest rivers in the Arctic located entirely within the zone of continuous permafrost (larger systems such as the Mackenzie extend southward into the subArctic). The permafrost soils in the Arctic foothills and coastal plain range in thickness between 250 and >600 m, with an active layer extending 20 cm to > 1 m below the surface [Lachenbruch and Marshall, 1969; Osterkamp and Payne, 1981; Eisner et al., 2005] .
The low mean annual air temperature on the North Slope (e.g., À11°C at Umiat, AK, and Barrow, AK, averaged from 1990 to 2000; NOAA National Climate Data Center) results in 7-9 months of snow and ice cover per year, with snow beginning to accumulate in late September/early October [Walker and Hudson, 2003] . During this time, water discharge from the Colville River essentially ceases due to the presence of thick channel ice (>2 m [Walker and Hudson, 2003] ). The breakup of the river ice and snow melt in the catchment occurs during late May to early June, resulting in a late spring/early summer flood. The Colville River is particularly flood prone; 62% of the annual sediment load (6 × 10 6 t yr À1 ) is transported during only 4% of the year, with water discharge reaching 6000 m 3 s À1 and suspended solids concentrations as great as 600 mg L À1 [Arnborg et al., 1967; Walker and Hudson, 2003; Rember and Trefry, 2004] . During the freshet, the numerous floodplain lakes and sloughs along the Colville are flooded with water from the river's main stem [Craig and McCart, 1975; Walker, 1975] .
Simpson Lagoon, a partially enclosed back-barrier estuary, is located adjacent to the Colville River Delta on the inner shelf of the Beaufort Sea (Figures 2a and 2c ). The lagoon extends 35 km in length and 3-6 km in width and is bordered to the north by the Jones Barrier Islands. The shallow depths (commonly < 2.5 m) result in landfast ice formation throughout the majority of the lagoon for a duration of 8-9 months per year [Reimnitz et al., 1978] . The interbedded, estuarine sediments in Simpson Lagoon [Hanna et al., 2014] display minimal evidence of physical disturbance from ice processes (i.e., ice gouging), a common occurrence in Arctic shelf environments. This was attributed by these authors, in part, to the protection provided by the formation of landfast ice and the presence of the Jones Barrier Islands. In addition, sediments within the lagoon exhibit relatively high rates of sediment accumulation (0.07-0.46 cm yr À1 ), with the majority of sediment and organic material sourced from the Colville River in western lagoon areas proximal to the delta, and an increasing sediment contribution from shoreline erosion in eastern Simpson Lagoon [Schreiner et al., 2013; Hanna et al., 2014] .
Materials and Methods

Field Study and Sampling
Samples from the Colville catchment and adjacent Simpson Lagoon were collected during two separate field studies. In August 2010, six marine sediment cores (SL1-SL6, Figure 2c ) were collected in Simpson Lagoon using a Rossfelder P-3 submersible vibracorer at sites displaying thick estuarine sediment fill (see Hanna et al. [2014] for more detail). In addition, grab samples were collected from tundra soil on Pingok Island (n = 1), and from the shoreline bluffs near Oliktok Point (n = 3) (Figure 2c ). The second field study was conducted in August 2012 along the Colville River, extending from 70 to 170 km upstream of the Colville Delta (Figure 2b ). Twenty surface grab samples (upper~5-10 cm of soil/sediment) were collected from a variety of sedimentary environments along the river and include catchment soil (n = 7), sediment from river sloughs and floodplain lakes (n = 11), and poorly lithified Pliocene/Pleistocene (Gubik Formation, n = 2), and Cretaceous (Prince Creek Formation, n = 5) outcrops along the west bank of the Colville River channel (Figures 2a and 2b ). In addition, five,~50 cm push cores were collected along the river in sloughs and floodplain lakes. The location and depositional environment of each sample is presented in the supporting information (Table S1 ). Simpson Lagoon cores were subsampled at 1 cm intervals, while cores collected in the Colville catchment were sampled using a 2 cm sampling scheme.
Samples from the floodplain lakes are grouped with fluvial sediment samples in this study, under the assumption that sediment is primarily entering the floodplain lakes during the freshet and subsequent summer floods when these lakes connect to the river's main stem. Floodplain lakes that connect with rivers during high flow periods have been shown to display similar brGDGT distributions to riverine material in previous studies [Zell et al., 2013b; Peterse et al., 2014] . Although suspended particulate matter (SPM) was not collected from the Colville River or the floodplain lakes, previous studies have shown riverbed sediment brGDGT distributions to correlate well with that of SPM in other river systems [Zhang et al., 2012; Zell et al., 2013b] .
137 Cs Geochronology
Modern (within the past~60 years) sediment accumulation was identified in the Simpson Lagoon cores and two cores from floodplain lakes/sloughs using 137 Cs geochronology. Measurements of 137 Cs activities were obtained every 2 cm for the fine sediment fraction (<32 μm) by gamma spectrometry following the methods of Hanna et al. [2014] . 137 Cs, a radioisotope first produced in measureable quantities in fallout from the atmospheric testing of thermonuclear weapons, was present in all cores indicating modern sedimentation. The 137 Cs activity profile for Simpson Lagoon core SL2 is presented in Hanna et al. [2014] and is consistent with that of bomb-produced radionuclides, displaying a maximum activity peak corresponding to the 1963/1964 maximum global fallout from thermonuclear weapons testing. This depth horizon can be used as a chronostratigraphic marker to calculate an average sediment accumulation rate over this time interval. The accumulation rate in SL2 was calculated by dividing the depth of the 137 Cs activity peak by the elapsed time since the 1964 maximum global fallout. The age-depth model for SL2 was then created by extrapolation of the calculated sediment accumulation rate over the upper 35 cm of the core, requiring an assumption of constant sedimentation prior to the appearance of 137 Cs activity. Accumulation rate errors are a function of sample interval resolution and are calculated to be ± 0.04 cm yr
À1
. However, additional uncertainty in the age-depth model may result from nonsteady state sediment accumulation, which is not captured by the 137 Cs methodology utilized in this study. All calendar ages determined by 137 Cs geochronology are reported in year CE (Common Era). (MeOH, 9:1 vol/vol) using a microwave extraction system (MARS 5 Xpress, CEM Corporation). The extract was filtered through a Na 2 SO 4 column fitted with a glass fiber filter to remove water and particulates. Samples were then dried using N 2 and dissolved in hexane. Elemental sulfur was removed by addition of activated copper powder followed by rinsing the samples with hexane (two times) and DCM (three times) through a glass fiber filter. Each filtered total lipid extract was fractionated into apolar, ketone, polar, and fatty acid fractions over an aminopropyl column using hexane, 4:1 hexane:DCM, 9:1 DCM:acetone, and 2% formic acid in DCM as eluents, respectively. The polar fractions to be used for GDGT analysis were subsequently blown down to dryness under nitrogen and redissolved in 1% isopropanol in hexane.
GDGT Analysis
HPLC-MS
The polar fractions containing the branched and isoprenoid GDGTs were measured following the methods of Schouten et al. [2007] via high performance liquid chromatography-mass spectrometry (HPLC-MS). Analysis was conducted using an Agilent 1200 HPLC instrument fitted with a Prevail Cyano column coupled to a single quadrupole mass spectrometer. Separation was achieved by eluting the polar GDGTs with 1% isopropanol in hexane for 5 min followed by a linear increase to 1.5% isopropanol in hexane over a period of 28.1 min (modified from Schouten et al. [2007] ). The flow rate was maintained at 0.2 ml min
À1
. Detection of GDGTs was achieved in single ion monitoring mode using m/z 1292 for crenarchaeol and m/z 1022, 1020, 1018, 1036, 1034, 1032, 1050, 1048 , and 1046 for the branched GDGTs Ia, Ib, Ic, IIa, IIb, IIc, IIIa, IIIb, and IIIc, respectively. The 6-methyl brGDGT isomers, identified by De Jonge et al. [2013, 2014a] (Figure 1 ), were not separately quantified with the utilized chromatography method as these isomers coeluted with the 5-methyl brGDGTs. Agilent Chemstation software was used to determine relative abundance by integrating the peak areas of the protonated molecule [M + H] + . Blanks were run to identify any contamination during the lipid extraction and elution procedures.
Calculation of GDGT-Based Proxies
The branched and isoprenoid tetraether (BIT) index, indicating terrigenous versus marine origin, was calculated using the following equation modified from Hopmans et al. [2004] :
Roman numerals Ia, IIa, IIa′, IIIa, and IIIa′ refer to the brGDGT structures illustrated in Figure 1 , while IV is the isoprenoid GDGT, crenarchaeol. All equations presented here have been rewritten following De Jonge et al.
[2014a] to illustrate that the 5-and 6-methyl brGDGTs were measured as coeluting compounds; however, further discussion will utilize the nomenclature from Peterse et al. [2012] in which the 6-methyl isomers are implicitly quantified with the 5-methyl brGDGTs.
The cyclization ratio of branched tetraethers (CBT) and degree of cyclization (DC) indices were calculated using equations from Weijers et al. [2007b] and Sinninghe Damsté et al. [2009] , respectively. Here we employ the revised methylation index of branched tetraethers (MBT′) from Peterse et al. [2012] .
The reconstructed pH and MAT (equations (5) and (6)) are functions of the CBT and MBT′ indices, and their equations are based on the global soil calibration of Peterse et al. [2012] . The residual standard mean error based on the Peterse et al.
[2012] calibration is 0.8 for the pH calculation and 5.7°C for the MAT. MAT was also calculated using the original MBT index (equation (7)) from Weijers et al. [2007b] , whose calibration has a residual standard mean error of 4.8°C. The calculated fractional abundances of brGDGTs, MBT/CBT values, pH, and MAT for each sample are presented in Tables S2-S5 in the supporting information.
pH ¼ 7:9 À 1:97 Â CBT (5)
Errors in reconstructed temperatures were calculated using a bootstrapping method [Efron, 1979] following Loomis et al. [2012] . We performed analysis of variance (ANOVA) tests to identify significant differences in brGDGT distributions between sample types (catchment soil, river, shoreline, Cretaceous, and estuarine) 
Results
GDGTs in Surface Sediments From the Colville River, Catchment, and Simpson Lagoon
BrGDGTs in the catchment soil, river, estuarine, and shoreline sediment samples are dominated by the pentamethylated and hexamethylated brGDGTs II (37-47%) and III (26-50%), including both the noncyclopentane-containing (IIa and IIIa) and cyclopentane-containing (IIb, IIc, IIIb, and IIIc) components (Figure 3 ). The prominence of these particular brGDGTs has been found in other high-latitude soils [Weijers et al., 2007b; Peterse et al., 2009] , lakes [Shanahan et al., 2013; Peterse et al., 2014] , rivers [De Jonge et al., 2014b; Peterse et al., 2014] , and marine environments [Peterse et al., 2009; Rueda et al., 2009] and may reflect an adaptive response to increase membrane fluidity at low temperatures [Weijers et al., 2007b] . While minor variations are evident both within and among sample types; there are no statistically significant differences in the proportions of brGDGTs I, II, and III between any of the surface sediment samples (p = 0.085, 0.435, and 0.398, respectively; supporting information Table S6 ), including the samples collected from the Pliocene/Pleistocene The 6-methyl brGDGT isomers were not able to be separately quantified and therefore are included with the respective 5-methyl brGDGT coeluting compounds. Cretaceous age sample brGDGT distributions are significantly different than other samples types. In addition, surface estuarine samples display small, but significant, increases in brGDGTs containing cyclopentane rings with respect to soil, river, and downcore estuarine sediments.
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age Gubik Formation (circled in Figures 3 and 4) . In contrast, samples collected from the Cretaceous bluffs located along the west bank of the Colville River do have different brGDGT distributions (GDGTs I and III, p = < 0.001), with higher fractional abundances of GDGT I (32-42%) and lower abundances of GDGT III (18-28%) (Figure 3a) . In all samples, brGDGTs without cyclopentane moieties (i.e., Ia, IIa, and IIIa) are more abundant than those displaying cyclization (Figure 3b) . However, the Cretaceous and surface estuarine sediments do display a slight, but significant increase in the fractional abundance of brGDGTs containing cyclopentane rings with respect to the other sample types (p = < 0.05, supporting information Table S7 ).
Within sample types, the degree of cyclization (DC) is variable, with values ranging from 0.029 to 0.294 ( Figure 4a ). However, the average values for each sample type (e.g., tundra soil, river sediment, and estuarine sediment) are statistically indistinguishable (p = 0.085; supporting information Table S6 ). Crenarchaeol was detected in all but two of the shoreline samples and two of the samples from the Cretaceous bluffs. However, overall concentrations of the isoprenoid GDGT are low, resulting in a high BIT index for all samples (≥0. Table S6 ).
The pH values calculated from the CBT index are shown in Figures 4b and 5 . The catchment soil samples display the largest pH variability, ranging from 4.9 to 7.15. However, differences in the average pH computed for the soil, river/lake, estuarine, shoreline, and Cretaceous sediment samples (6.19 ± 1.22, 6.16 ± 0.34, 6.56 ± 0.08, 6.06 ± 1.288, and 6.55 ± 1.28; errors presented are 2σ) are indistinguishable. With one exception (sample GS15, À2.34 ± 1.0°C), MBT′/CBT reconstructed mean annual temperatures (MAT) for the catchment soil and river sediments fall between 1 and 3 ± 0.7°C using the Peterse et al. Table S6 ). Reconstructed MATs from the Cretaceous bluff sediments are substantially higher, yielding an average temperature of 8.38 ± 2.8°C. As illustrated in Figure 5 , there are no apparent spatial trends in BIT, pH, or MAT with distance along the Colville River or with proximity to the delta in Simpson Lagoon.
Downcore Estuarine Sediment BrGDGTs
BrGDGT distributions for the downcore samples from Simpson Lagoon core SL2 are consistent with those seen in the upstream river and soil samples. BrGDGTs IIa and IIIa are the most abundant, comprising 35-40% and 35-41% of the total, respectively. Crenarchaeol is identifiable in all downcore samples, albeit at relatively low abundances, as indicated by high BIT index values (0.94 to 0.98). Computed MBT′ and CBT indices vary downcore but are consistent with the values obtained for the modern catchment soils and river samples (0.187 ± 0.018 and 0.799 ± 0.102, respectively). The pH values computed from the CBT index do not vary systematically downcore, ranging from 6.1 to 6.6 (μ = 6.32 ± 0.20) and are consistent with the mean CBT-inferred pH of the river and catchment samples (6.17 ± 0.82). MBT′/CBT-inferred MATs vary between 0.90 and 3.55 ± 0.7°C, with a systematic increase in MAT (~2°C) over the uppermost 35 cm of the core (75 years). The average MAT for this part of the record (2.06 ± 1.04°C) is consistent with the average MAT values computed for the catchment soil and fluvial sediment (p = 0.52) (Figure 6 ). Figure 5b is the average measured JJAS temperature from Barrow, AK, in 2010, whereas the green dotted line represents the average instrumental summer (JJAS) temperature over the past 50 years.
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5. Discussion
Sources of BrGDGTs in the Colville River and Simpson Lagoon
Understanding the sources of the brGDGTs preserved in estuarine sediments is crucial to interpreting paleotemperatures reconstructed from fluvially influenced coastal marine sediments. In Simpson Lagoon, brGDGTs may be derived from a combination of catchment soils transported by the Colville River, erosion of shoreline tundra bluffs, fluvial cutbank erosion of Cretaceous sediments (i.e., Prince Creek Fm), aquatic brGDGTs produced in the river and estuary, and in situ brGDGTs produced in marine sediments. Each of these sources may have different brGDGT distributions, resulting either from different environmental conditions at the location of brGDGT production, or from differences in the relationships between brGDGT distributions and environmental conditions in different environmental settings (i.e., aquatic versus terrestrial). If the brGDGTs preserved in the estuarine sediments reflect significant contributions from more than one of these sources, brGDGT temperature reconstructions may not be reliable.
Support for a terrigenous source of the brGDGTs preserved in Simpson Lagoon sediments comes from the high BIT index values (>0.84) observed in the estuarine sediments and the similarity of brGDGT distributions in catchment soil, fluvial, and estuarine samples. Previous studies of brGDGTs in rivers [Zell et al., 2013a [Zell et al., , 2013b De Jonge et al., 2014b] , marine environments [Zhu et al., 2011; Weijers et al., 2014; Zell et al., 2014] , and lakes Tierney and Russell, 2009; Loomis et al., 2011] have cited differences in brGDGT distributions between aquatic samples and surrounding soils as evidence for a significant aquatic contribution of brGDGTs. In the Amazon [Zell et al., 2013b] , Yenisei [De Jonge et al., 2014b] , and Yangtze Rivers [Zhu et al., 2011] , suspended particulates showed an increased degree of cyclization compared with watershed soils, resulting in CBT-derived pH values that were elevated relative to catchment soils and more consistent with the measured pH of the river water. Although we were unable to collect suspended particulates from the Colville River during this study, the CBT-derived pH values of the riverbed sediment samples examined here (5.9-6.5) are significantly lower than the measured pH of the Colville River water (7.2-8.0) during the summer months (U.S. Geological Survey). Furthermore, CBT-derived pH 
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values for the fluvial samples are consistent with reported values for the surrounding catchment soils [Nelson et al., 1997; ].
Previous studies of brGDGTs in fluvial and lacustrine environments have shown that MBT/CBT reconstructed temperatures for these systems can differ significantly from those of terrigenous soils, presumably due to in situ aquatic production of brGDGTs [Tierney and Russell, 2009; Tierney et al., 2010; Zell et al., 2013b; De Jonge et al., 2014b] . However, MBT′/CBT temperatures for the Colville River sediment samples computed using the soil calibration of Peterse et al. [2012] are statistically indistinguishable from the MBT′-/CBT-derived temperatures of the surrounding watershed. In addition, there is no apparent change in brGDGT distributions or calculated brGDGT temperatures (or pH) with distance along the river, as might be expected with increasing aquatic contributions to the brGDGT inventory downstream.
While this data appears to suggest a predominantly soil-derived source of brGDGTs in the Colville River, we cannot rule out the possibility of in situ production occurring within the fluvial system as aquatically produced brGDGTs have displayed similar distributions as the surrounding soil in other Arctic environments. Peterse et al. [2014] observed this similarity in brGDGT distributions and resultant pH and temperature reconstructions in two Arctic systems: the Kolyma and Mackenzie Rivers and their corresponding floodplain lakes. Despite the consistency in brGDGT distributions between catchment soils and aqueous environments in these two Arctic systems, concentrations of brGDGTs were found to be higher in the floodplain lakes, suggesting that in situ brGDGT production may still be occurring. Peterse et al. [2014] note a global trend in which the distributional offset between brGDGTs produced in aqueous and terrestrial environments decreases with increasing latitude, which they attribute to increasing seasonality and a shorter growing season in Arctic environments. Therefore, even if there is a substantial contribution of aquatically produced brGDGTs within the Colville River, their impact on brGDGT distributions and MBT′-/CBT-derived temperatures are likely to be negligible.
Though the fluvial and catchment soil brGDGT distributions and MBT′/CBT temperatures are indistinguishable, surface sediment samples from the estuary reveal an increased fractional abundance of certain brGDGTs containing cyclopentane rings and yield temperatures that are slightly (but significantly) warmer than those collected from locations upstream and in the catchment soils ( Figure 5 and supporting information Tables S6 and S7 ). The slight differences between the brGDGT distributions in the surface sediments from Simpson Lagoon and the Colville catchment soils may be an indication that there is minor modification from brGDGTs produced in situ within the estuarine setting; however, the same modification in brGDGT distribution is not apparent in the downcore estuarine samples. Increases in the fractional abundance of cyclopentane-containing brGDGTs have been observed in other marine sediments and has been attributed to in situ brGDGT production within a marine water column and/or sediment pore water characterized by higher pH values (Svalbard fjords [Peterse et al., 2009] , East China Sea [Zhu et al., 2011] , West African Equatorial Coast , Amazon Shelf [Zell et al., 2014] , and Kara Sea [De Jonge et al., 2015] ). However, sediments in close proximity to river mouths, similar to the Simpson Lagoon/Colville River setting, have exhibited little evidence for modification of brGDGT distributions from marine in situ production [Zhang et al., 2012; Zell et al., 2014; De Jonge et al., 2015] .
It is also plausible that the warmer reconstructed temperatures observed in Simpson Lagoon surface sediments, with respect to fluvial/soil samples (1-2°C, Figure 5 ), result from a contribution of brGDGTs produced within the marine setting, as temperature conditions within the marine environment at the time of in situ brGDGTs production may differ from those of the catchment. In addition, a mixture of modern (aquatically produced) and preaged (soil-derived) brGDGTs within Simpson Lagoon would likely result in warmer reconstructed MATs, as regional temperatures have displayed an overall warming trend over recent decades. However, the variations in temperatures observed between Colville watershed soils and Simpson Lagoon surface sediments are much smaller than seen in other studies [Zhu et al., 2011; Zell et al., 2014] . For example, Zell et al. [2014] found reconstructed temperatures on the Amazon shelf to vary widely and reach as much as 14°C lower than those found in the river, with only the marine sample under the greatest river influence correlating well with fluvial temperatures. In the Yangtze system, Zhu et al. [2011] found reconstructed temperatures to be higher on average (up to 10°C difference) in coastal and open shelf environments than in the catchment. Therefore, while there is an indication of in situ brGDGT production within the surface sediments in Simpson Lagoon, the influence of aquatically produced brGDGTs on the MBT′-/CBT-derived temperatures
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appears to be relatively minor in this Arctic estuarine setting. Thus, it is apparent that the overprinting of in situ brGDGTs in aqueous settings is variable among systems and may be dependent upon the climatic, hydrological, and/or preservational characteristics of the environment.
An alternative explanation is that the estuarine core top samples used here simply reflect a different time interval than the surface grab samples from the river and catchment soils, irrespective of potential in situ aqueous brGDGT production. The surface estuarine samples comprise only the top 1 cm of the Simpson Lagoon sediment cores, while the grab samples collected in the catchment and Colville River have a sediment package thickness of approximately 5-10 cm and therefore likely contain a mixture of older material. Furthermore, the marine core has a higher sedimentation rate (0.46 cm yr À1 ) than the fluvial cores (~0.1 cm yr
À1
) and is likely significantly greater than the rate of soil formation. Thus, it is probable that the modern estuary surface samples comprise a shorter time interval (during which temperatures were slightly warmer). The downcore data support this assertion; the mean MBT′/CBT temperature, averaged over the past 75 years, is statistically indistinguishable from the soil and river samples (Figure 6 ).
Large inputs of eroded, aged material, either from the Cretaceous bluffs exposed along some sections of the Colville River or from the shoreline bluffs bordering the Beaufort Sea, could also alter brGDGT distributions within the Colville River and Simpson Lagoon, respectively. The similarity between the MBT′-/CBT-derived temperatures for the fluvial samples and the surrounding soils suggests that erosion of older Cretaceous sediments are not a major source of brGDGTs in the river and estuary sediments. Cretaceous mean annual temperatures in this part of the Arctic are estimated to have been 6.3-13.3°C [Spicer and Herman, 2010] . MBT′/CBT temperatures from Cretaceous sediment samples in the Colville catchment support these estimates, yielding values of 6.9-10°C. The differences in Cretaceous temperatures and brGDGT distributions are large enough to have had an influence on the fluvial and estuarine brGDGT signature, provided the Cretaceous sediments were a significant source of brGDGTs to the fluvial system. The similarities between the modern soil and fluvial MBT′/CBT temperatures indicate that this is unlikely.
The rapid shoreline retreat rates found throughout the Arctic [Rachold et al., 2000; Jones et al., 2009] , indicate that significant contributions of organic material are delivered to marine settings via coastal erosion. This influx of aged, shoreline-derived material could potentially alter brGDGT distributions in Simpson Lagoon; however, we see no evidence for this in our data set. For example, brGDGT-derived MATs calculated for shoreline sediments collected near Oliktok Point, immediately east of the Colville Delta, are statistically indistinguishable from catchment tundra soils. In addition, Schreiner et al. [2013] observed increasing contributions of shoreline-derived TOC (total organic carbon) with distance from the Colville Delta (ranging from 15% at SL2 to 85% at SL6); however, temperature reconstructions within Simpson Lagoon do not exhibit significant changes with distance from the river mouth. Furthermore, recent investigations of East Siberian Arctic Shelf sediments and the adjacent terrestrial environments have demonstrated that brGDGT concentrations in the Arctic shoreline bluffs are significantly lower than concentrations present in catchment soils, rivers, and marine sediments [Peterse et al., 2014; Dogrul Selver et al., 2015; Sparkes et al., 2015] . Sparkes et al. [2015] found that despite large contributions of organic carbon delivered to the East Siberian Arctic Shelf via coastal erosion (comprising~50% of marine sediment TOC), nearly 75% of brGDGTs delivered to the shelf were river derived, leading the authors to suggest that brGDGTs may be applicable as a tracer for fluvial TOC in complex Arctic environments. However, marine sediments in the Yenisei Gulf that are removed from the direct influence of the Yenisei River outflow have been found to display brGDGT distributions comparable to the Arctic shoreline sediments [De Jonge et al., 2015] . Although brGDGT concentrations were not determined in this study, the lack of evidence for brGDGT distributional offsets in eastern Simpson Lagoon surface samples suggests that shoreline-derived brGDGTs are either a minor contribution or do not significantly impact the estuarine sediment MBT′/CBT temperature estimates.
BrGDGT-Derived Temperatures Within the Colville Catchment and Simpson Lagoon 5.2.1. Seasonal BrGDGT Production
To assess the accuracy of the brGDGT-derived temperatures within the Colville catchment and Simpson Lagoon and to identify any potential seasonal bias in brGDGT production, we compared the temperature reconstructions with regional instrumental air temperatures from the NOAA National Climatic Data Center. Instrumental temperature records on the North Slope are sparse, with only three temperature records spanning at least two decades. The longest temperature record on the North Slope is from Barrow, AK, located . Within the Colville catchment, the longest instrumental temperature record is from Umiat, AK (approximately 150 km southwest of the delta), but only covers the interval 1976-2000. Mean annual air temperature (averaged over 1990-2000) for both Umiat, AK, and Barrow, AK is À11°C, significantly lower than the brGDGT-derived average MATs (1.4°C, 1.9°C, 3.4°C, and 2.1°C calculated for soil, river, seabed, and downcore estuarine samples, respectively; Figures 5 and 6 ).
Whereas the Peterse et al. [2012] global soil calibration is a function of mean annual temperature and does not factor in seasonality, the samples from the present study are outside the latitudinal constraints of this soil database. In fact, the MATs for the Colville system sediments are comparable to instrumental summer temperatures (June through September, JJAS), indicating a seasonal influence on brGDGT production. Reconstructed temperatures in the soil and river sediments are approximately 2°C lower than that of the modern summer (2010, JJAS) temperature average from Barrow, AK. They are, however, consistent with the summer temperatures averaged over the past 50 years ( Figure 5 ). In contrast, the Simpson Lagoon surface sediments have reconstructed temperatures only slightly lower than those of modern instrumental averages. The downcore estuarine reconstructed temperatures are also within ± 1°C of the instrumental summer temperature averages from both Barrow, AK, and Barter Island, AK, throughout the majority of the record (Figure 7 ). While these regional records are not taken directly from our field site, we anticipate comparable temperatures due to the similarity in elevation and location along the Beaufort Sea coast. This is corroborated by Wendler et al. [2010] , who found that the climate on the coastal plain of the North Slope was fairly uniform based on instrumental observations over the past four decades. Instrumental summer temperatures for Umiat, AK, are on average 3-4°C higher than the reconstructed temperatures for Simpson Lagoon and the recorded JJAS temperatures from coastal Barrow and Barter Island, AK, likely due to its southern inland location. While brGDGT-derived temperatures in marine sediments are assumed to be integrated over the entire catchment, it appears from our data that the majority of brGDGTs in Simpson Lagoon may originate from the arctic coastal plain proximal to the delta.
A seasonal bias in which brGDGT-derived MATs better reflect warm season conditions has previously been suggested for middle-to high-latitude lakes [Sun et al., 2011; Shanahan et al., 2013; Loomis et al., 2014] , marine sediments [Rueda et al., 2009 [Rueda et al., , 2013 Moossen et al., 2015] , and soils/peats [Huguet et al., 2013; Pautler et al., 2014] . In Arctic environments, such as the Colville system, cold temperatures lead to a duration of snow and ice cover from late September through May. During this time, permafrost extends to the soil surface, the river has ice formation up to 2 m thick, and landfast ice covers Simpson Lagoon [Reimnitz et al., 1978; Walker and Hudson, 2003] . Microbial growth/metabolic activity has been found to decrease at low temperatures such as those found in the Alaskan North Slope permafrost [e.g., Nedwell, 1999; Rivkina et al., 2000] . In addition, vegetation growth is hindered throughout much of the year due to the cold temperatures, presence of snow and ice, and decreased daylight hours, thus potentially limiting the supply of necessary nutrients to the brGDGT-producing soil bacteria as postulated by Weijers et al. [2011] . Therefore, brGDGT temperature reconstructions may be more reflective of the summer months when bacteria are more active. For example, an experimental warming study conducted by Huguet et al. [2013] in a French peatland found that brGDGTderived temperatures over the duration of the experiment exhibited a warming consistent with induced spring/summer temperatures rather than winter temperatures. This seasonal bias may be even more prominent in Arctic environments which are characterized by extreme seasonality [Pautler et al., 2014] . It should be noted, however, that the choice of soil calibration has been found to have a significant effect on brGDGTbased temperature reconstructions in Arctic environments, with the original Weijers et al. [2007b] equation yielding substantially lower MAT values than the expanded Peterse et al. [2012] calibration [Pautler et al., 2014; Peterse et al., 2014] . This holds true for the Colville system as well, with MATs calculated using the Weijers et al. [2007b] calibration that are 5 to 6°C cooler than those derived from the revised MBT′/CBT indices. However, these values are still significantly warmer than the measured mean annual air temperature for the North Slope and lend support to the assertion of seasonal influence.
Downcore Temperature Changes
In addition to the overall agreement with instrumental summer temperatures, the brGDGT-based reconstructed temperatures from the estuarine core reveal an overall trend and magnitude of temperature change over the past 75 years that is significantly correlated with the long instrumental record from Barrow, AK,
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(r = 0.45, p = 0.008). Both records reveal an overall warming, consistent with the warming trend observed in other Alaskan locations and throughout the Arctic during the twentieth century [Serreze et al., 2000; Hinzman et al., 2005] . While Weijers et al. [2011] suggests a turnover time of approximately 20 years for brGDGTs, our reconstruction indicates that temperature variability can, in fact, be identified on subdecadal timescales. This is consistent with the controlled experiments from Huguet et al. [2013] which identified significantly faster turnover time of the brGDGT core lipids in peats (<2 years). Subdecadal-scale resolution in brGDGT-derived temperature records has also been observed in other marine and lake sediment cores [Rueda et al., 2009; Tyler et al., 2010] , although this may potentially be related to the incorporation of brGDGTs freshly produced within the aquatic environment. Therefore, we suggest that the MBT′/CBT paleothermometer has the potential to be a useful tool in understanding high-resolution climate variability over the past few millennia assuming brGDGT distributions are accurately reflecting environmental conditions within the catchment. The results of this study indicate that the MBT′/CBT paleothermometer reliably reconstructs temperatures in Simpson Lagoon. Unlike previous studies of larger fluvial systems [Zhu et al., 2011; Zell et al., 2013a Zell et al., , 2013b De Jonge et al., 2014b] , brGDGT distributions in the Colville system are consistent across depositional environments and there is no evidence for significant modification of the brGDGT signal by aquatic production. We hypothesize that this is primarily due to the episodic nature of the Colville River discharge. In addition, the large input of soil-derived brGDGTs to Simpson Lagoon and the high OM preservation potential in Arctic estuaries enables Simpson Lagoon, and potentially other Arctic estuaries, to preserve sedimentary records of brGDGT-derived temperature variations within the catchment.
Studies of fluvial systems have previously suggested that seasonality (e.g., high water season and spring freshet) may affect in situ riverine brGDGT production and, as a result, how closely the fluvial brGDGT distributions reflect the values of the surrounding soils [Zell et al., 2013a; De Jonge et al., 2015] . For example, brGDGT distributions within the Amazon River were found to be similar to the surrounding soils only during the high water season [Zell et al., 2013a] . During this season, the authors found little evidence of in situ production and attribute this to increased runoff during the rainy season. Rivers characterized by episodic sediment transport (e.g., Arctic rivers, small mountainous rivers) deliver the majority of sediment and OM to the coastal ocean during infrequent events, unlike larger rivers, which present little interannual variability in discharge [Milliman and Syvitski, 1992; Wheatcroft et al., 1997; Farnsworth and Milliman, 2003] . Arctic rivers are particularly flood prone due to the rapid breakup of ice and discharge of accumulated snowmelt during a relatively short period of time. In the case of the Colville River, the freshet transports approximately two thirds of the annual sediment load during a few weeks in late spring/early summer [Walker and Hudson, 2003; Rember and Trefry, 2004] . These episodic rivers may not allow time for the buildup of detectable concentrations of in situ aquatic brGDGTs due to the short residence times of the water. To date, fluvial in situ production has been documented primarily within large river basins, including the Amazon, Yenisei, and Yangtze Rivers [Zhu et al., 2011; Zell et al., 2013a Zell et al., , 2013b De Jonge et al., 2014b] . Smaller, sediment-laden, episodic rivers, like the Colville, may have a lesser degree of in situ brGDGT production.
Previous research has also illustrated that brGDGT reconstructions in marine sediments require substantial input of terrigenous material as well as high preservation of organic material [Peterse et al., 2009; Zell et al., 2014] . Since approximately 90-95% of the terrigenously derived material fluvially transported to the Arctic Ocean is trapped in nearshore estuarine environments; Arctic estuarine systems, like Simpson Lagoon, may be well suited for application of the MBT′/CBT temperature proxy [Gordeev, 2006] . In recent studies of the Pearl, Yangtze, and Amazon Rivers, BIT values were found to decrease rapidly in estuaries and nearshore environments, often reaching values as low as 0.1 [Zhu et al., 2011; Zhang et al., 2012; Zell et al., 2014] . Zell et al. [2014] observed that only the Amazon shelf samples with high BIT values reflected MATs consistent with the Amazon watershed and concluded that settings under high fluvial influence are necessary for brGDGT-based paleoenvironmental reconstructions. While BIT values of sediments from Simpson Lagoon are slightly lower than the fluvial or catchment samples (Figure 5 ), BIT index values in the lagoon remain above 0.8 for all samples and indicate a dominance of terrigenous material. Similarly, high BIT values have also been observed off the mouths of other Arctic Rivers [Van Dongen et al., 2008; Dogrul Selver et al., 2012] . In addition, Arctic estuaries have demonstrated a low degree of degradation of organic matter [Van Dongen et al., 2008] . This is important, as selective degradation within the marine environment has the potential to alter brGDGT distributions [Zhu et al., 2011; De Jonge et al., 2015] . De Jonge et al. [2015] suggested two potential mechanisms for preferential degradation of brGDGTs in marine environments, the first being that individual brGDGTs may have differing reactivities and thus degrade at different rates. The second, and more likely, mechanism is the preferential degradation of particular brGDGT pools, with brGDGTs produced in situ within aqueous environments being more labile whereas soil-derived brGDGTs may be relatively resistant to degradation, in part due to mineral sorption [Huguet et al., 2008; De Jonge et al., 2015] . Thus, we suggest that Arctic estuarine environments containing significant soilderived brGDGTs due to their proximity to sediment-laden, episodic rivers, such as the Colville, may have the highest potential for brGDGT-based temperature reconstructions. However, care should be taken to fully understand the sources of brGDGTs and the potential for modification of brGDGT distributions in river and marine environments before using the MBT′/CBT paleothermometer.
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Conclusions
This study examines the potential of the MBT′/CBT paleothermometer in an Arctic estuarine environment by investigating the sourcing of brGDGTs in the Colville River and Simpson Lagoon, AK, and comparing reconstructed MATs to regional instrumental temperature records. Recent studies in major river systems and marine environments have identified major modification of brGDGT distributions as a result of in situ production of brGDGTs within the water column, leading to potential complications with the use of this proxy. BrGDGT distributions are consistent throughout the Colville watershed soils, Colville River, and adjacent Simpson Lagoon, suggesting that in situ production within the Colville system has a limited impact on the applicability of the MBT′/CBT paleothermometer.
BrGDGT-derived temperature reconstructions for surficial soil, fluvial, and estuarine samples are in good agreement with regional summer air temperature, displaying mean values between 1.4°C and 3.4°C. The apparent seasonal bias likely results from a limited growing season for soil bacteria in high latitudes which may be due to limited light availability, cold temperatures, and the presence of snow and ice cover throughout the majority of the year. In addition, a high-resolution (2 years) temperature reconstruction over the past~75 years from Simpson Lagoon reveals an overall twentieth century warming trend consistent with other regional instrumental records along the Beaufort Sea coastline. The prevalence of soil-derived brGDGTs throughout the Colville system in conjunction with the valid temperature reconstructions suggest that Arctic coastal environments adjacent to sediment-laden, episodic rivers may be ideal locations for utilizing the MBT′/CBT paleothermometer; however, consideration of the potential sources of brGDGTs must be taken into account.
In addition, the majority of the published brGDGT temperature records from marine sediments encompass a significantly longer time span with lower resolution [e.g., Weijers et al., 2007a; Bendle et al., 2010] . The agreement between the Simpson Lagoon brGDGT-derived temperatures and the regional instrumental data suggests that temperatures may be reliably reconstructed on a subdecadal resolution in suitable locations. When extended further in time, high-resolution records, like this Simpson Lagoon record, may be useful for understanding natural climate variability as well as anthropogenic impacts on climate. This is particularly important in regions, such as the Arctic, which are predicted to be most sensitive to future climate change.
